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ABSTRACT
Two basic routes for planetesimal formation have been proposed over the last few
decades. One is a classical “slow-growth” scenario. Another one is particle concen-
tration models, in which small pebbles are concentrated locally and then collapse
gravitationally to form planetesimals. Both types of models make certain predictions
for the size spectrum and internal structure of newly-born planetesimals. We use these
predictions as input to simulate collisional evolution of debris discs left after the gas
dispersal. The debris disc emission as a function of a system’s age computed in these
simulations is compared with several Spitzer and Herschel debris disc surveys around
A-type stars. We confirm that the observed brightness evolution for the majority of
discs can be reproduced by classical models. Further, we find that it is equally con-
sistent with the size distribution of planetesimals predicted by particle concentration
models — provided the objects are loosely bound “pebble piles” as these models also
predict. Regardless of the assumed planetesimal formation mechanism, explaining the
brightest debris discs in the samples uncovers a “disc mass problem.” To reproduce
such discs by collisional simulations, a total mass of planetesimals of up to ∼ 1000
Earth masses is required, which exceeds the total mass of solids available in the pro-
toplanetary progenitors of debris discs. This may indicate that stirring was delayed
in some of the bright discs, that giant impacts occurred recently in some of them,
that some systems may be younger than previously thought, or that non-collisional
processes contribute significantly to the dust production.
Key words: planetary systems – protoplanetary discs – planets and satellites: for-
mation – comets: general – circumstellar matter – infrared: planetary systems
1 INTRODUCTION
Debris discs are belts of leftover planetesimals, i.e., comets
and asteroids, around stars (Wyatt 2008; Krivov 2010;
Matthews et al. 2014). They are commonly observed through
the thermal emission of the dust that these small bodies pro-
duce in collisions and other destructive processes. To get in-
sights into the properties of directly invisible planetesimals,
observed emission is interpreted by collisional modelling of
planetesimal belts, supplemented by thermal emission cal-
culations (e.g. Krivov et al. 2008). A number of prominent
discs have been modelled individually this way (e.g. Wy-
att et al. 1999; Wyatt & Dent 2002; The´bault et al. 2003;
Mu¨ller et al. 2010; Reidemeister et al. 2011; Lo¨hne et al.
2012; Schu¨ppler et al. 2014, 2015, 2016). Larger samples of
? E-mail: krivov@astro.uni-jena.de (AVK)
discs have been modelled on a statistical basis (e.g. Wyatt
et al. 2007b; Kennedy & Wyatt 2010; Ga´spa´r et al. 2012,
2013; Pawellek et al. 2014; Pawellek & Krivov 2015; Geiler
& Krivov 2017). All these models are able to reproduce the
available data and the observed statistical trends reasonably
well.
These models, however, typically assume all of the
solids to initially have a single power-law size distribution
dN/dm ∝ m−α with a slope close to α ≈ 1.8...1.9. A power law
with such a slope, which we call “the Dohnanyi slope”, is an
analytic solution for the steady-state size distribution found
for an idealized collisional cascade (Dohnanyi 1969; O’Brien
& Greenberg 2003; Wyatt et al. 2011). The results of elab-
orate numerical simulations with more realistic physics are
expected to deviate from this power law only slightly. This
explains why taking it as an initial condition for numerical
simulations is so popular: it ensures fast convergence towards
© 2017 The Authors
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the exact distribution. However, the convenient assumption
of an initial Dohnanyi-like slope ignores the fact that the ini-
tial size distribution of freshly-formed planetesimals is likely
to be very different from Dohnanyi’s. As time elapses, larger
and larger planetesimals get involved in the collisional cas-
cade. Thus taking another initial distribution of them should
affect the modelling results (Lo¨hne et al. 2008).
That primordial size distribution remains poorly
known, because so is the process by which planetesimals
form. Two basic scenarios have been proposed (see, e.g., Jo-
hansen et al. 2014, for a recent review). One is a classical
scenario of a slow incremental growth, first by fluffy agglom-
eration (e.g., Wada et al. 2009; Okuzumi et al. 2012; Wada
et al. 2013) or mass transfer from small to large aggregates
(e.g., Wurm et al. 2005; Windmark et al. 2012) and then
by gravity-driven collisional assemblage of larger planetesi-
mals (e.g., Kenyon & Luu 1999; Kenyon & Bromley 2008;
Kobayashi et al. 2010, 2016). Another one is the particle con-
centration models in which small pebbles are concentrated
locally in eddies, pressure bumps or vortices of a turbulent
disc (e.g. Haghighipour & Boss 2003; Cuzzi et al. 2008; Jo-
hansen et al. 2009; Cuzzi et al. 2010) or by streaming in-
stability (e.g. Johansen et al. 2007, 2015; Simon et al. 2016,
2017) and then collapse gravitationally to form planetesi-
mals. Both types of models make specific predictions for the
size distribution of forming planetesimals, suggesting it to
be shallower than Dohnanyi’s. They also have implications
for the internal structure of planetesimals. For instance, the
particle concentration models by Johansen et al. (2015) and
Simon et al. (2016, 2017) independently propose α ≈ 1.6 over
the size range from a few kilometers to a few hundred kilo-
meters and predict planetesimals to be low-density, porous
bodies.
The goal of this paper is to check what would happen
if we took these predictions by the planetesimal formation
models and used them as initial conditions for collisional
modelling of debris discs. Would the results still be consis-
tent with debris disc observational data? By comparing the
models with the data, we will try to further constrain the
initial size distribution and internal structure of planetesi-
mals. Our intention in this work is somewhat similar to the
study of Kenyon & Bromley (2008) and Kobayashi & Lo¨hne
(2014) who investigated the debris disc evolution, assuming
classical “slow growth” planetesimal formation models. For
the Solar System, work along these lines has been done by
Morbidelli et al. (2009) who showed the size distribution in
the asteroid belt to be consistent with “asteroids born big”,
hence favouring the particle concentration mechanism of as-
teroid formation. Vitense et al. (2012) came to the same
conclusion for the Kuiper belt.
Section 2 presents the collisional model and Section 3
describes the observational datasets on debris discs. Sec-
tion 4 compares the model predictions to the observational
data. Section 5 discusses the results. Section 6 draws our
conclusions.
2 MODEL
2.1 The code
To model the collisional evolution of the discs, we use the
collisional code ACE (“Analysis of Collisional Evolution”;
Krivov et al. 2006; Lo¨hne et al. 2008, 2012; Krivov et al.
2013; Lo¨hne et al. 2017). The code assumes a certain central
star and a planetesimal disc of certain size, mass, excitation
and other properties as input. The code simulates the col-
lisional evolution of the debris disc, predicting the coupled
radial and size distributions of solids — from planetesimals
to dust — at different time instants. To compare the sim-
ulation results to the observational data, the ACE output
is then used to calculate thermal emission of dust. Specif-
ically, we compute the thermal emission fluxes at selected
far-infrared wavelengths as functions of system’s age.
2.2 General parameters
Since resolved images of the vast majority of debris discs
show them to be relatively narrow rings with a typical dis-
tance from the star of ∼ 100AU (e.g. Pawellek et al. 2014),
the reference disc model in all ACE runs was a 10AU wide
ring around a distance of 100AU. As a central star, we chose
an A-type star of 2.16 solar masses with a luminosity of 27.7
times the solar luminosity. The above choices are close to the
median values of the samples described below. We are aware,
of course, that all these parameters for individual discs in
those samples vary considerably. However, we decided to fix
them to avoid dealing with an unmanageable set of free pa-
rameters and to keep our treatment as simple as possible.
This was backed up by several tests to see how the debris
disc fluxes and their evolution in time would alter if we var-
ied the luminosity and mass of the host stars, as well as
the radius and width of the debris rings. The changes were
found to be moderate. The largest quantitative changes arise
from variation of the disc radius, consistently with previous
studies (see, e.g., top right panel of Fig. 11 in Lo¨hne et al.
2008).
We postulated a disc of planetesimals with eccentricities
between 0 and 0.1 and inclinations from 0 to 3 degrees. Here
too, we argue that variation of the assumed eccentricity and
inclination distribution would not alter the results markedly.
Indeed, the collision rates are nearly independent of eccen-
tricities. This is because collisional rates are proportional to
the ratio collisional velocity / collisional interaction volume.
Both quantities are proportional to eccentricity, which then
cancels out (see, e.g., Krivov et al. 2006). The same applies
to inclinations. What the eccentricities and inclinations do
affect is the collisional velocities. As a result, the dust pro-
duction rate at higher eccentricities is higher early on, and it
decays more rapidly at later times. Quantitatively, however,
the effect is only moderate. See, for instance, Fig. 11 (bot-
tom right) in Lo¨hne et al. (2008), which shows the evolution
for e = 0.05, 0.10, 0.15, and 0.20, and a discussion therein.
The solids were assumed to consist of an astrosilicate–
water ice mixture in a 30%–70% ratio. Since the material
composition of extrasolar comets is not known, this choice
is arbitrary. We only made it because silicate–ice mixtures
worked better than pure silicate or pure ice in SED fitting
of several debris discs studied previously (e.g., Reidemeis-
ter et al. 2011; Lebreton et al. 2012; Donaldson et al. 2013;
Schu¨ppler et al. 2016). Alternatively, we could have used
other compositions, such as mixtures of silicates, ices, car-
bonaceous materials, and vacuum (e.g., Lebreton et al. 2012;
Donaldson et al. 2013) or those involving hydrocarbons that
were found to be the major constituent of the comet 67/P
MNRAS 000, 1–13 (2017)
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Figure 1. Critical fragmentation energy as a function of size (for
vimp = 300m s−1). Red solid line: standard “monolithic” model,
Eq. (1). Cyan dashed line: pebble-pile model, Eq. (2).
in the Solar System (Fulle et al. 2016). On any account, we
do not expect the results to be very sensitive to the ma-
terial composition chosen. To avoid unnecessary complica-
tions, the Poynting-Robertson drag and stellar wind drag
were switched off. The solids spanned the size range from
smin = 0.2µm to smax = 200 km.
2.3 Critical fragmentation energy
To model the outcomes of collisions between the objects,
we also needed to assume a certain critical fragmentation
energy, which depends on the material strength, the object
size, and the impact velocity vimp. We used two prescrip-
tions. One of them is appropriate for “monolithic”, collision-
ally strong planetesimals in the “slow growth” planetesimal
formation models and is taken from Schu¨ppler et al. (2016):
Q∗D =
[
As
( s
1m
)3bs
+ Ag
( s
1 km
)3bg ] ( vimp
v0
)0.5
, (1)
where we set v0 = 3 km s−1 and chose bs = −0.12, bg = 0.46,
and Ag = As = 5 × 106 erg g−1. This prescription is essen-
tially based on the SPH simulations by Benz & Asphaug
(1999) for basalt, complemented with the velocity depen-
dence taken from Stewart & Leinhardt (2009). The resulting
critical fragmentation energy is plotted in Fig. 1.
In addition to prescription (1), we also tried an alterna-
tive model for Q∗
D
that we deem more suitable for planetesi-
mals forming through the particle concentration mechanism.
In this scenario, planetesimals are likely piles of cm-sized
pebbles (Johansen et al. 2015). Based on recent laboratory
experiments on the strength of dust aggregates (Bukhari
Syed et al. 2017; Whizin et al. 2017), we can formulate the
following prescription for Q∗
D
:
Q∗D = App
( s
1 mm
)3bpp ( vimp
v0
)0.5
+
3Gm
5s
, (2)
where
App =
{
7 × 106 erg/g for s < 1 cm,
7 × 104 erg/g for s > 1 cm (3)
and
bpp =
{ −0.12 for s < 1 mm,
−0.53 for s > 1 mm. (4)
In the last term in Eq. (2), G is the gravitational constant,
and m is the mass of an object of radius s. We arrived at
Eq. (2) by using the velocity scaling derived by Bukhari Syed
et al. (2017), i.e., Q∗
D
∝ s3bpp ∝ s−1.58, measured for pebble
piles that were compacted to rather homogeneous dust ag-
gregates with filling factors of 0.35. To account for the much
lower cohesion within uncompacted (i.e., primordial) pebble
piles, we scaled the pre-factor App in Eq. (2) accordingly
(see Eq. (3) and Fig. 1). Our scaling is based on the experi-
mental data by Whizin et al. (2017) and Bukhari Syed et al.
(2017). Whizin et al. (2017) experimentally investigated the
collision behaviour of cm-sized pebble clusters. Extrapolat-
ing their data to collisions among equal-sized clusters yields
a fragmentation threshold of ∼ 1 cm s−1. This is well below
the respective value for compacted dust aggregates, which
was determined by Bukhari Syed et al. (2017) to be on the
order of 1m s−1.
When using the model (2), the size distribution of frag-
ments resulting from the disruption of pebble aggregates was
assumed to have a lower cutoff at the pebble size. To describe
the disruption of pebbles themselves, we used the fragment
size distribution extending down to sub-micron-sized dust.
In Fig. 1, we compare this pebble-pile Q∗
D
(s) model
with the monolithic one. The critical fragmentation energy
given by Eq. (2) falls off more steeply for s > 1 mm (with
bpp = −0.53) and features an additional drop by two orders
of magnitude at the boundary between pebbles (s . 1 cm)
and pebble piles (s & 1 cm). Altogether, it is seen that
the pebble-pile model predicts much weaker planetesimals
with radii between the pebble size and about one kilome-
ter. The change in the material strength at the dust sizes
is less than by order of magnitude. This, rather moderate,
change reflects a difference between the simulation results
by Benz & Asphaug (1999) and laboratory measurements
by Whizin et al. (2017), who also assumed different mate-
rials and compositions. Finally, in the gravity regime, the
strength of pebble-pile planetesimals differs from that of
monolithic objects, too (Stewart & Leinhardt 2009; Lein-
hardt & Stewart 2012). This is because the propagation of
shock waves triggered by the impact through the target and
energy dissipation within the target in these two cases are
different. As a result, the critical fragmentation energy of
pebble-pile objects is dominated by pure gravitational bind-
ing energy (the last term in Eq. (2)). This leads to Q∗
D
∝ s2
for s & 10 m.
2.4 Initial size distribution
Given the goals of this study, the initial size distribution was
modelled with two power laws, a steeper one below a certain
size and a shallower one above it (Fig. 2). The first one was
assumed to have a Dohnanyi-like slope α = (11 + 3bs)/(6 +
3bs) = 1.88 (O’Brien & Greenberg 2003). Here, bs is the
slope of Q?
D
(s) in the strength regime (see Eq. 1). The second
MNRAS 000, 1–13 (2017)
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Figure 2. Initial size distribution of planetesimals assumed in
the collisional simulations (black solid line). It involves two slopes:
a steeper one for small solids of sizes smin to st (population 1,
red-filled area) and a flatter one appropriate for large objects with
sizes from st to smax (population 2, blue-filled area). Dashed line
indicates a slope (α = 5/3), for which the cross section of solids
would be the same in all logarithmic size (or mass) bins. Similarly,
dotted line marks the slope (α = 2), for which all logarithmic size
bins would carry equal mass of material.
power law was a proxy for the primordial size distribution of
large planetesimals right after the gas dispersal. Accordingly,
we used α = 1.6 as expected in both planetesimal formation
scenarios considered here.
Since the ACE code does not allow for using broken
power-laws, the technical implementation was slightly dif-
ferent. We took two initial populations of solids at the same
spatial location — one with a steeper and another one with
a shallower power law, as described above. Of course, both
populations were let to interact with each other collisionally.
This two-population setup has two free parameters: the
total initial disc mass, M1 + M2, and the mass ratio of the
two populations, M1/M2. Fixing a ratio M1/M2 is equivalent
to selecting a certain “turnover” size st, at which the two
populations contain equal numbers of planetesimals (Fig. 3).
Varying both parameters, and selecting either Eq. (1) or
Eq. (2) for Q∗
D
(s), we try to reproduce the observed level
of disc brightness in the far-infrared and its decay towards
older ages.
It is easy to see that different combinations of M1/M2
(or st) together with different Q∗D(s) prescriptions allow us to
test both “slow-growth” and “particle concentration” models
of planetesimal formation:
(1) In the slow-growth scenario, growth of larger bodies
in a protoplanetary disc is always accompanied with frag-
mentation at smaller sizes. As the gas density goes down,
the collisional cascade induced by growing embedded stir-
rers produces ever smaller solids, so that by the time when
the disc gets gas-free all solids down to dust sizes are gener-
ated. As a result, we expect a Dohnanyi-like slope at sizes
below about a kilometer and a shallower slope for larger bod-
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Figure 3. Planetesimals’ turnover size as a function of M1/M2.
Bold dots mark mass ratios M1/M2 = 1/4, 1/20, 1/40, 1/200, and
1/500 assumed to produce the “evolutionary tracks” in Fig. 5.
Each mass ratio is associated with a certain colour; the same
colour coding is consistently used throughout the paper.
ies that have grown in the disc. Those bodies are expected
to be relatively compact (“monolithic”). This means that
our two-population setup with st in the kilometer range,
together with Eq. (1) for Q∗
D
(s), is a proxy for the “slow
growth” scenario.
(2) In the particle concentration scenario, the expecta-
tion is different. Pebbles are efficiently consumed to quickly
build large planetesimals with sizes above a few kilome-
ters with a shallower size distribution. These will be loosely
bound, having a pebble-pile structure. Fragmentation only
plays a minor role, and by the moment of gas dispersal no
Dohnanyi-like tail of subkilometer-sized solids is predicted.
It terms of our two-population setup, population 1 will be
nearly absent (very small M1/M2, or st  1 km). Thus tak-
ing a small st together with Eq. (2) for Q∗D(s) serves as a
proxy for the “particle concentration” scenario.
(3) With the same setup, we can also test the traditional
debris disc models that do not utilise predictions of plan-
etesimal formation models at all, just using a Dohnanyi-like
initial size distribution across the entire size range. To this
end, it is sufficient to discard population 2 (by setting M1/M2
to infinity, or st to smax) and use Eq. (1) for Q∗D(s).
2.5 Typical simulation results
We have performed several ACE simulations with fiducial
discs. In all these runs, the disc mass M1 + M2 was arbi-
trarily set to the same value of 100M⊕, while the mass ratio
between the two populations M1/M2 was varied from infinity
(no population 2, “traditional” choice) to 1/500 (almost all
the mass in population 2). All of the runs were done with
monolithic planetesimals, except for one where we assumed
pebble piles.
Figure 4 plots the size distribution of solids for some of
the ACE runs. Both the initial distribution and an evolved
one after 100Myr of collisional grinding are depicted. The
MNRAS 000, 1–13 (2017)
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Figure 4. Initial (thin dotted) and evolved (after 100Myr; thick
solid) size distributions of material in several fiducial debris discs,
produced by ACE simulations. Different runs assumed the same
total disc mass of 100M⊕, but different mass ratios between the
two populations. One of the curves (cyan, labelled “PP”) is the
M1/M2 = 1/500 model assuming the alternative Q∗D model appro-
priate for pebble piles.
initial size distribution is a sum of the two distributions
sketched in Fig. 2. Note that Fig. 4 plots the cross section
surface density per unit size decade, whereas Fig. 2 depicts
the number of solids per unit decade in mass. This explains
a somewhat different appearance of the two figures. For in-
stance, horizontal lines in Figure 4 (i.e., lines with a zero
slope) would correspond to a slope α = 5/3 in Fig. 2.
We start with discussing the initial distributions. We
see that low M1/M2 (or st) cases have an initial deficit of
small grains (which are the ones that are seen by mid-IR
surveys). Such discs need time to become bright. This is the
time it takes to erode enough bigger objects in the initial
size distribution in order to refill the initially missing dust
population. Such a refill occurs because collisional cascade
produces fragments following an α ≈ 1.9 size distribution
that is steeper (and thus more small-dust “friendly”) than
the initial α = 1.6 one.
Further, Fig. 4 illustrates how evolved distributions of
solids look like. Common to all of the curves is a sharp cutoff
at several micrometers, which is a classical radiation pressure
blowout limit (Burns et al. 1979). The grains on the left of
it are nearly absent, as these are placed by radiation pres-
sure in hyperbolic orbits and leave the disc on dynamical
timescales. Above the blowout limit, the size distributions
develop some ripples. This “waviness” is also well known
(Campo Bagatin et al. 1994; Krivov et al. 2006; The´bault
& Augereau 2007) and is a natural consequence of a sharp
blowout cutoff and of a mass loss rate being independent
of size in logarithmic bins (Wyatt et al. 2011). Going to
larger sizes, a local minimum appears at 100s of meters for
“monolithic” curves, which simply mirrors the minimum of
the critical fragmentation energy (see. Eq. 1).
This “mirroring” of Q∗
D
by the size distribution is best
illustrated with the alternative Q∗
D
model. Figure 4 shows
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Figure 5. Time evolution of a 70µm flux from several fiducial
debris discs, resulting from ACE simulations. The colour coding
is the same as in Fig. 4. For the M1/M2 = 1/500 model, the dashed
and dotted lines show the flux evolution for discs with 1000M⊕
and 10, 000M⊕ respectively. This illustrates the scaling described
in the text, see Eq. (5).
how a significant difference between the two models for the
critical fragmentation energy (1) and (2) causes a dramatic
difference in the evolved size distribution. This result is not
surprising, as even the moderate changes in the critical frag-
mentation energy have been shown to alter the size distribu-
tion markedly (e.g. The´bault & Augereau 2007; Ga´spa´r et al.
2012). However, it is for the first time that such an extreme
model for Q∗
D
is being studied. The cyan curve, produced
with the alternative Q∗
D
model, develops a pronounced min-
imum at sizes where Q∗
D
itself has a deep minimum. The
means that the disc contains a low number of pebble piles
that are small enough not to be kept together by gravity.
For each of the runs, we have also computed a time
evolution of the dust emission flux at 70µm. Figure 5 shows
the results. For the standard fragmentation energy model,
the disc brightness decreases from higher to smaller M1/M2
ratios. At the same time, the flux decay slows down. In fact,
for a very pronounced population 2 the disc brightness first
goes up until the decay sets in (see the M1/M2 = 1/200 and
M1/M2 = 1/500 curves). All this is because discs with a
heavy population 2 contain nearly all their mass in the large
planetesimals, and there is initially not enough dust to emit.
That dust has first to be produced collisionally, which takes
time.
This is different in the run that assumed an alternative
Q∗
D
model. In this case, planetesimals are fragile pebble piles
that are collisionally destroyed very quickly. This is because
the pebble piles can be disrupted by much smaller projectiles
than the monolithic planetesimals of the same size, and the
collisional rates with smaller projectiles are much higher. A
debris disc consisting of such fragile planetesimals produces
enough dust promptly, even if population 1 is absent. This is
demonstrated by a cyan curve in Figure 5 that presents the
M1/M2 = 1/500 model for the alternative Q∗D prescription.
While Fig. 5 presents the luminosity evolution of discs
MNRAS 000, 1–13 (2017)
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of the same total mass, it is also important to understand
how a change in the total mass would alter the evolution.
To interpret the time evolution of discs with different initial
masses, there is a useful analytic scaling (Lo¨hne et al. 2008;
Krivov et al. 2008). Consider a disc with initial mass M0 at a
distance r from the star with age t. Denote by F(M0, r, t) any
quantity directly proportional to the amount of disc material
in any size regime, from dust grains to planetesimals. For
instance, F may stand for the total disc mass, the mass of
dust, its total cross section, or dust emission flux at any
wavelength. The scaling rule reads:
F(xM0, r, t) = xF(M0, r, xt), (5)
valid for any factor x > 0. Equation (5) holds for every disc
of particles, as long as these are produced, modified and lost
in binary collisions and not in any other physical processes.
Figure 5 illustrates, for one of the models, how the scaling
works. When the initial mass of the disc increases, the flux
evolution curve moves leftward and upward without chang-
ing its shape.
3 OBSERVATIONAL DATA
To compare the collisional models with data, we chose to
consider A-type stars. There are more detections around
A-type stars, providing better statistics. Besides, the discs
around A-type stars are known to exhibit a more rapid de-
cay of the dust luminosity towards older systems than discs
of solar-type stars (Wyatt 2008). We selected three datasets:
• a Spitzer/MIPS 70µm sample of A-type stars from Su
et al. (2006) that contains 69 excess stars with S/N > 3 (out
of 137 in total) with ages between 5 and 850Myr;
• a collection of Spitzer/MIPS 70µm data for different-
type stars of Chen et al. (2014). From this, we extracted
A-stars only (145 detections out of 149 observed A-type, 3
to 1360Myr-old stars);
• a Herschel/PACS 100µm sample for A-type stars from
Thureau et al. (2014). This includes 18 sources with a flux
excess significance > 3 among 83 stars with ages from 12 to
800Myr.
These three samples are visualized in Fig. 6. It plots
the excess ratios (i.e., dust fluxes divided by the stellar pho-
tospheric flux) versus stellar age. Before we proceed with a
comparison between these data and collisional models, we
make several remarks about the data themselves.
First, Chen et al. (2014) and Thureau et al. (2014)
also performed the SED fitting of the excess stars. They
tried both single- and two-temperature fits and concluded
that many of the discs are likely to have a two-component
structure, including an additional warm component closer
to the star. Since we discuss the cold Kuiper-belt analogs
in this paper, it would be reasonable to subtract the con-
tribution of the warm component from the total disc flux.
We now estimate this contribution. Denote the temperatures
of the warm and cold components by Tw and Tc , and their
fractional luminosities by fw and fc , respectively. Next, let
Rw(λ) and Rc(λ) be the excess ratios for the two compo-
nents. Assuming both components to emit as black bodies,
it is easy to derive
Rw(λ)
Rc(λ) =
(
fw
fc
) (
Tw
Tc
)−4 [ Bν(Tw, λ)
Bν(Tc, λ)
]
, (6)
where
Bν(T, λ) = 2hc
λ3
[
exp
(
hc
λkT
)
− 1
]−1
is the Planck intensity in the frequency scale as a function of
temperature and wavelength, with h being Planck constant,
c the speed of light, and k the Boltzmann constant. For the
Chen et al. (2014) sample, the average values are Tw = 300K,
Tc = 100K, fw = 6 × 10−5, and fw = 1 × 10−4. Equation (6)
gives Rw/Rc as small 2.9% at 70µm and 2.2% at 100µm,
showing that the contribution of the inner component to
the observed flux at 70µm and 100µm is almost negligible.
We decided against making this correction for the sake of
simplicity.
Second, there are some caveats about the datasets that
are related to the brightest discs with excess ratios of >∼ 100,
which are the most numerous in the Chen et al. (2014) sam-
ple. These discs can be loosely classified into two groups, the
old (> 100Myr) and the young ones (< 100Myr), and we now
discuss these two groups in turn. The brightest discs around
stars listed as having ages 100Myr and more in their sample,
most of which do not belong to clusters, may in fact be con-
siderably younger according to independent age estimates
reported in the literature. For example, HD 54341 has a re-
ported age of 364Myr in Chen et al. (2014), while an age es-
timation based on isochrones suggest a much younger age of
10Myr (Rhee et al. 2007). The same applies to several other
bright discs reported by Chen et al. (2014) to be old — they
all may be much younger. These include HD 12467 (200Myr
instead of 776Myr, see Rhee et al. 2007), HD 24966 (100Myr
instead of 364Myr, see Moo´r et al. 2006), and HD 120534
(< 320Myr instead of 400Myr, see Moo´r et al. 2006). This
would push the bright but old discs to much younger ages,
where high dust luminosities are readily expected. For bright
discs around stars younger than 100Myr, it is likely that the
“collisional” ages of our numerical model do not necessarily
correspond to the system ages. Some discs could have started
the collisional cascade later in their lifetimes due to delayed
stirring; we will discuss this in Section 5.3. Finally, in many
of the youngest, bright discs that fill the left upper corner
in the middle panel of Fig. 6, gas has been detected (e.g.,
Moo´r et al. 2011; Kral et al. 2017). There is an uncertainty
of whether those are true debris discs or are still in the pro-
toplanetary or transitional phase. Our model would not be
applicable to such systems.
Another star with a bright disc in the Pleiades (age of
≈ 100Myr) in the Chen et al. (2014) sample, HD 23642,
is an eclipsing binary with a period of about 2.5 days (see
Southworth et al. 2005, where also the stellar parameters
are given). Fitting a model photosphere of a single star to
the binary star will underestimate the IR luminosity of the
binary, if the smaller companion is colder than the primary
one. This happens because the bright and hot star domi-
nates the flux at short wavelengths where the fitting takes
place, but the influence of the companion grows at the longer
wavelengths, meaning the flux ratio of secondary to primary
star, FB(λ)/FA(λ), is larger in far-IR. For HD 23642, this
flux ratio is about 30% higher at 70µm than at 1µm. Tak-
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Figure 6. Samples from Su et al. (2006) (top), Chen et al. (2014) (middle), and Thureau et al. (2014) (bottom) and the ACE models.
Symbols are flux ratios inferred from observations through the SED fitting, as published in the original papers. A few prominent discs are
labelled. Lines are ACE models (different colours and linestyles for different M1/M2, and different line thicknesses for different M1 +M2).
For each M1/M2, three curves for M1 +M2 of 10, 100, and 1000 Earth masses are shown. As in previous figures, the cyan curves labelled
“PP” correspond to M1/M2 = 1/500 and the alternative Q∗D.
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ing this effect into account reduces the flux ratio for the disc
of HD 23642 from 130 as reported by Chen et al. (2014) to
130 × (1 + FB(1µm)/FA(1µm))/(1 + FB(70µm)/FA(70µm)) ≈
125. Although the correction is moderate, it may affect a
number of discs, since some of their host stars may have as
yet unknown colder companions. In addition, close binarity
may directly influence the discs by perturbing and stirring
them.
4 MODEL VS DATA
Figure 6 compares the Su et al. (2006), Chen et al. (2014),
and Thureau et al. (2014) data with our collisional model
for different choices of M1 + M2 and M1/M2. All of the sim-
ulations but one assumed the standard Q∗
D
model (Eq. 1).
One simulation was run with the alternative Q∗
D
assuming
pebble piles (Eq. 2). In each case, three curves are presented,
corresponding to the M1 + M2 = 10, 100, and 1000M⊕.
4.1 Discs of “monolithic” planetesimals
We start with a discussion of the runs done with a standard
Q∗
D
(i.e., “monolithic” planetesimals). We compare the sim-
ulations with the data in the order of decreasing M1/M2 (or
increasing M2, or decreasing st). Purely“traditional”models,
i.e., those without population 2, reproduce both the mean
emission level and its long-term decay with the stellar age
at disc masses of 10–100M⊕. This is consistent with Wyatt
et al. (2007b) who derive a mean disc mass of 10M⊕ (assum-
ing smax of 30 km) in their population model designed to re-
produce the sample of discs around A-type stars from Rieke
et al. (2005). Adding the“non-traditional”population 2 with
st at several kilometers, we are still able to reproduce the
data, as expected (see Fig. 5 and a discussion of it). How-
ever, the disc masses M1 + M2 needed to reach the observed
emission level increase. Between almost a hundred and a few
hundred of Earth masses are now needed to match the discs
of average brightness.
Decreasing st to about one kilometer leads to growing
discrepancies between the data and models. The decay slows
down. For st ∼ 1 km (see the M1/M2 = 1/20, or st = 1.4 km
curves), the flux evolution gets nearly flat. For yet smaller st,
the disc brightness evolution is no longer monotonic. Instead,
it first increases for at least 100Myr and only then starts to
decrease (see M1/M2 = 1/500 or st = 30m curves), which is
inconsistent with the data. Even though the scatter of points
at any given age is large, it is obvious that the models that
only include population 2 do not provide any acceptable fits
to the observed trend. This tells us that, for the initial size
distribution of planetesimals to be consistent with the data,
their size distribution should steepen at sizes below about
one kilometer. In other words, a protoplanetary disc that
has successfully built planetesimals with a mass distribution
slope of α = 1.6 must also contain a substantial amount of
smaller, sub-kilometer-sized solids from the very beginning.
What is the minimum size of those“additional”objects?
At any time of the collisional evolution, they should be large
enough to not get collisionally depleted by that time. Fig-
ure 7 plots collisional lifetimes of different-sized objects in
one of the ACE runs discussed above. Yellow curves present
the M1/M2 = 1/20 (or st = 1.4 km) model for monolithic
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Figure 7. Collisional lifetimes of different-sized solids in two
ACE runs (yellow and cyan, same colours as in previous figures)
after 10Myr (thin dotted), 100Myr (medium dashed) and 1Gyr
(think solid) of collisional evolution. These three characteristic
ages themselves are shown with horizontal straight lines of the
same linestyles.
planetesimals which — as shown above — reproduces the
observed emission at all ages from ∼ 10Myr to ∼ 1Gyr rea-
sonably well. It is seen that the objects should be larger
than at least a few meters in size to survive the first 10Myr.
At 100Myr, the minimum radius should be about 100m. At
1Gyr, it grows to at least one kilometer. We can conclude
that, to sustain the observed amount of emission, the disc
must contain solids in the size range from ∼ 1m to ∼ 1 km,
with a size distribution close to Dohnanyi’s (α ≈ 1.8...1.9).
In a standard, “slow-growth” scenario, such objects in-
deed appear as a natural aftermath of formation of large
bodies (e.g., Kenyon & Bromley 2008; Kobayashi et al. 2010;
Kobayashi & Lo¨hne 2014; Kobayashi et al. 2016). As ex-
plained in Section 2.4, growth of larger bodies in this sce-
nario keeps pace with fragmentation at smaller sizes. At
early stages, when a big amount of gas is still present in
a protoplanetary disc, the collisional cascade is stalled at
around 1–10 meter sizes, because the relative velocities of
smaller objects are damped by the ambient gas. However,
once gas depletion becomes significant, collisional cascade
promptly extends to dust sizes. As a result, by the time of
the gas dispersal one expects a Dohnanyi-like slope at sizes
below about a kilometer and a shallower slope for larger bod-
ies that have grown in the disc (H. Kobayashi, pers. comm.).
4.2 Discs of “pebble-pile” planetesimals
We now turn to a discussion of the case where planetesimals
are assumed to be pebble piles and are described by the
alternative Q∗
D
. The cyan curves in Fig. 6 demonstrate that
the simulated brightness evolution is not inconsistent with
the sample, even if population 1 is nearly absent (we took
M1/M2 = 1/500). In contrast to monolithic objects, pebble
piles generate a considerable amount of dust early on. As
discussed above, this is because even collisions with much
smaller projeciles, which are quite frequent, are sufficient to
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disrupt pebble piles. As a result, their collisional lifetimes
are very short, dropping to below 1 Myr for planetesimals
smaller than 100 meters in radius (see cyan curve in Fig. 7).
Still, the dust brightness curves in Fig. 6 might be too
flat, not matching closely a gentle long-term decay that is
best visible in the Chen et al. (2014) sample. However, the
underlying prescription (2) of Q∗
D
used in the simulation
should only be considered as a rough proxy of how the
strength of “pebble piles” may look like in reality. If the
tensile strength of dust is higher than in our model, of if the
minimum of Q?
D
at meter sizes is deeper than in Eq. (3), then
the discs will be brighter at young ages (see a discussion in
Section 5.4). Also, assuming smaller pebbles — e.g., 1mm
instead of 1 cm — would help, since shorter collisional life-
times of tinier pebbles would enhance dust production early
on. In fact, pebbles of a millimeter or even smaller sizes can
be expected in outer zones of the discs (see, e.g., Fig. 3a
in Johansen et al. 2014). This is because the particle sizes
that correspond to the “right” Stokes numbers St ∼ 0.01–0.1
(at which concentration by streaming instability is efficient)
decrease at larger distances from the star (e.g. Carrera et al.
2017). This or that way, it is likely that more realistic models
would provide a better match to the observed evolution.
The low fragmentation energy of pebble piles also im-
plies that the disc is devoid of small, sub-km-sized planetesi-
mals (see cyan curve in Fig. 4). This prediction is potentially
testable with the Solar System objects. We will discuss this
in more detail in Section 5.1.
4.3 Total masses of bright debris discs
An inspection of Fig. 6 uncovers a problem that may have
been overlooked previously. It concerns the brighter discs,
especially in the Chen et al. (2014) sample. Even if we dis-
card the brightest outliers, as discussed in Section 3, the
total disc mass required to reproduce bright discs with the
models is as large as ∼ 1000M⊕. This is true for both mono-
lithic and pebble-pile Q∗
D
prescriptions.
The required total mass of the disc increases with de-
creasing M1/M2 ratio, i.e., if a heavier population 2 is added.
However, large total disc masses have already appeared in
previous works, based on “traditional” models without pop-
ulation 2. For example, Wyatt & Dent (2002) require at 20–
30M⊕ in bodies with radius of less than 2 km, which would
translate to ∼ 200–300M⊕ in 200 km-sized objects, to explain
the disc of Fomalhaut. The “high-mass discs” with a dust
mass of 0.1 M⊕ investigated in The´bault & Augereau (2007)
imply 190–850M⊕ in planetesimals of up to 50 km in radius
(see their Table 2). Mu¨ller et al. (2010) derive 50–60M⊕ in
bodies smaller than 74 km for the Vega disc. Kobayashi &
Lo¨hne (2014) reproduce the evolution of discs around solar-
type stars with 2AU-wide rings with a radius of 30AU, con-
taining 45M⊕ in 100 km-sized planetesimals. Schu¨ppler et al.
(2016) obtain 165M⊕ for bodies up to 50 km in size to explain
the disc around q1 Eridani.
How massive is an outer planetesimal belt actually al-
lowed to be? Let us consider an initial protoplanetary disc
(PPD), which is a progenitor to the debris disc in question.
Obviously, it should be lighter than the central star, so let us
assume the maximum initial PPD mass is 0.1M?. For sim-
plicity, let the central star be sun-like. Assuming a standard
gas-to-dust ratio of 100:1, we conclude that the maximum
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total mass in solids in the entire disc is 0.001M, or 300M⊕.
By going to more massive stars (e.g. A-stars with 2 or 3 solar
masses) or by assuming somewhat lower gas-to-dust ratios
(such as the Solar System’s abundances giving 60 : 1, see
Lodders 2003), we can obviously increase that total mass in
solids by a factor of two or so, but not much more. This
initial constraint is robust. There are simply not more solids
available in the PPD than that. This is consistent with the
masses of the observed protoplanetary discs. For instance,
Fig. 5 in Williams & Cieza (2011) suggests the total masses
of PPDs around A-stars to be between 2 and 200 Jupiter
masses or 600–60000M⊕, implying 6–600M⊕ in solids.
Kuchner (2004) introduced the term “Minimum-Mass
Extrasolar Nebula” (MMEN) for extrasolar planetary sys-
tems by analogy to the Minimum-Mass Solar Nebula (Wei-
denschilling 1977; Hayashi 1981) for our Solar System. The
MMEN concept parameterizes the surface density distribu-
tion in a PPD by two parameters, the density scaling xm and
the radial slope p (such that MMSN has xm = 1 and p = 1.5).
Using MMEN, we can easily estimate the solid mass sitting
in the outer zone of a certain radius (e.g., 100AU) and a
certain width (e.g., 10AU). The result (green line in Fig. 8)
is 20–130M⊕ for discs of A0-stars.
This estimate tacitly assumed that there was no sub-
stantial radial transport of solids at earlier phases. How-
ever, radial drift in combination with other processes acting
at the planetesimal formation phase displaces the solids ra-
dially. As a result, the density profile of planetesimals differs
from the initial density profile of solids (Carrera et al. 2017).
Another possibility is scattering the planetesimals outward
by giant planets later on. This is similar to the “implanted
Kuiper belt” scenario of Levison et al. (2008). The mass in
giant planets needed for such a displacement is moderate.
For instance, to displace 100M⊕ outward one would need
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about the same mass in giants, so one Saturn or six Nep-
tunes would do. A caveat is that most of the planetesimals
will be ejected to interstellar space, and some will fall down
to the star. Only a moderate fraction will be implanted to
the outer zone we are talking about.
The estimates above are also consistent with predictions
of planetesimal formation simulations. Assuming a PPD of
0.1M? with p = 1, Carrera et al. (2017) robustly produce a
total of 80–150M⊕ in planetesimals, of which a 60–130M⊕
are located outside 100AU.
In summary, several 100M⊕ is the absolute upper limit
on the planetesimal disc mass, whereas collisional models –
both previous ones and those considered here — often re-
quire much larger masses. We will refer to this as a “disc
mass problem” and discuss possible solutions to it in Sec-
tion 5.
5 DISCUSSION
A comparison of models to the debris disc samples has led
us to two important findings. One is that debris disc evo-
lution can be successfully reproduced both with the slow-
growth and particle concentration scenarios of planetesimal
formation. Can we distinguish between the two? Another
one is what we call“the disc mass problem.”We have found a
discrepancy between the planetesimal disc masses expected
from their formation models (likely ∼ 100M⊕, but not more
than a few 100s M⊕) and masses needed to reproduce the ob-
served emission of the brightest debris discs (up to 1000M⊕
in rings of 10AU in width). Is it possible to make the total
mass of a planetesimal belt smaller, while keeping the same
amount of visible dust?
We now try to answer these questions, the first one in
Sect. 5.1 and the second one in Sect. 5.2–5.6. As we will
see, especially the disc mass problem may require addressing
more fundamental aspects of debris discs, whose importance
goes beyond that particular problem.
5.1 Slow growth or pebble concentration?
Although we cannot discriminate between the two possi-
ble routes of planetesimal formation from the analysis of
dust fluxes, one possible way to distinguish between them
is through the drastically different predictions they make
for the amount of sub-km-sized bodies. This is of little help
for debris discs around other stars where such objects are
not accessible, but at least we may look at our Solar Sys-
tem where sub-km-sized bodies are directly observable. In
the present-day Kuiper belt, the spatial density of objects
is so low that only the objects smaller than several tens
of meters have collisional lifetimes shorter than the age of
the Solar System (Vitense et al. 2012). In contrast to ex-
trasolar debris discs, it is these sub-km-sized bodes in the
Kuiper belt that are located at the top of the collisional
cascade and serve as the actual source of dust. To be con-
sistent with spacecraft dust detections in the outer Solar
System, these bodies should be present in amounts much
lower than what would be expected by Dohnanyi-like ex-
trapolation from the observed, 10–100 km-sized transneptu-
nian objects to sub-kilometer sizes. Consistently, Fulle &
Blum (2017) point out that the crater density observed on
the bodies in the outer Solar System is low, suggesting that
the number of comets smaller than a few kilometers is lower
than assumed so far. Closer to the Sun, the size distribution
slope of asteroids in comet-like orbits flattens below about
one kilometer in size (Kim et al. 2014). Finally, Trilling et al.
(2017) analyzed the size distribution of near-Earth aster-
oids from 1 km down to 10 meters and found that there
are a factor of ten fewer small objects than assumed pre-
viously. All this seems to speak for the suggested reduced
amount of such bodies in debris discs and thus, to favour
the pebble concentration scenario. There is also more direct
empirical evidence that comets in the Solar System likely
formed through the gentle gravitational collapse of a bound
clump of mm-sized pebbles, intermixed with microscopic ice
particles. Using the results obtained with a suite of instru-
ments on-board Rosetta mission to comet 67P/Churyumov-
Gerasimenko, Blum et al. (2017) found this formation sce-
nario to be compatible with the measured global porosity,
homogeneity, tensile strength, thermal inertia, vertical tem-
perature profiles, sizes and porosities of emitted dust, and
the water-vapour production rate of the comet. The caveat
is that we do not know how represenative 67P is for the en-
tire cometary population, and how respesentative the Solar
System is for other planetary systems.
5.2 No big planetesimals?
At a first glance, a simple remedy to the disc mass problem
would be to assume that the planetesimals larger than a kilo-
meter in size are completely absent. Indeed, it is known that
to sustain the observed level of brightness for typical debris
discs over Gyrs, kilometer-sized planetesimals would suffice
(e.g., Lo¨hne et al. 2012). This can also be seen in our simula-
tions. Figure 7 suggests that lifetimes of all objects smaller
than 1–10 km are typically shorter than systems’ ages, so
that their size distribution is set by the collisional cascade.
In contrast, the planetesimals larger than 10 km in size es-
sentially retain their primordial distribution. They make a
minor contribution to the cascade, only producing a moder-
ate amount of dust through cratering collisions.
Since the disc mass is proportional to s6−3αmax , replacing
smax = 100 km with smax = 1 km would reduce the belt mass
by a factor of 5 for α = 1.88 or even by a factor of 250 for
α = 1.6. However, that would challenge the planetesimal for-
mation models that robustly predict largest planetesimals
to be 100s of km in size (Scha¨fer et al. 2017). Furthermore,
without large planetesimals it would be difficult to explain
why the discs produce dust at all. Dust is only produced
if the planetesimals have sufficiently high relative velocities,
i.e., non-zero eccentricities and/or inclinations. Stirring may
come from embedded big planetesimals or from planets in
the inner cavities of the discs. In the former case, this di-
rectly requires large planetesimals to be present. In the latter
case, it would be difficult to understand why planetary-sized
bodies have formed successfully closer in, whereas 100km-
sized planetesimals slightly farther out have not.
Even though the predicted slope of the size distribu-
tion of planetesimals probably extends to large sizes, it re-
mains possible that the actual smax is by a factor of sev-
eral smaller than assumed here. For instance, recent simu-
lations by Klahr & Schreiber (2016) produce planetesimals
with sizes peaking at ≈ 50 km. Such sizes would imply the re-
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quired total masses of debris discs by a factor of 2–4 smaller,
reducing the tension between the debris disc models and the
data.
5.3 More recent origin of debris?
All the results obtained above rely on two basic assumptions.
One is an assumption that the observed debris dust is pro-
duced in a collisional cascade, which is treated statistically.
This means that even the largest colliding bodies are consid-
ered to be numerous enough to be part of a continuous size
distribution (Tanaka & Nakazawa 1994). Another assump-
tion is that the “collisional age” of the systems, i.e., the time
elapsed since the ignition of the cascade, is equal to the sys-
tem’s age. In principle, we can question both. Especially for
the brightest discs at older ages, it is possible that a recent
giant impact caused a temporary brightness increase (e.g.
Kenyon & Bromley 2005; Jackson et al. 2014; Kral et al.
2015; Genda et al. 2015). Also, “delayed stirring” (Dominik
& Decin 2003; Wyatt 2008) is possible, implying that the
cascade was triggered later in the system’s history — for in-
stance following the formation of Pluto-sized planetesimals
in the disc (Kenyon & Bromley 2008), when the stirring
front from planets in the inner cavities has reached the disc
(Mustill & Wyatt 2009), or by late dynamical instabilities
caused by planetary migration or scattering (Booth et al.
2009). In all these cases, the total mass of a debris disc of a
given brightness would be lower than derived in this work.
5.4 Overall steeper size distribution?
Another way to get more dust from a given total mass would
be to assume that the overall slope of the size distribution
of solids from dust to km-sized planetesimals is steeper than
collisional simulations suggest. However, that slope cannot
simply be varied, as it is set by the cascade. Specifically, it
depends on the slope of Q?
D
(s) (O’Brien & Greenberg 2003).
This can easily be explained with simple qualitative argu-
ments. The amount of dust is determined by the product
of the dust production rate and lifetime. The production
rate equals mass loss rate of planetesimals (since the cas-
cade relays the mass from planetesimals to dust), while the
dust lifetime is set by Q?
D
(being proportional to (Q?
D
)5/6,
see Wyatt et al. 2007a). In turn, the mass loss rate of plan-
etesimals is set by their Q?
D
. So, effectively, the mass ratio
between dust and planetesimals depends on the respective
Q?
D
ratio. Making the planetesimals at the top end of the
cascade weaker (which corresponds to steepening the Q?
D
slope) should have a similar effect as directly strengthen-
ing the dust. However, the Q?
D
of the biggest planetesimals
is largely determined by gravity and thus is quite certain.
Thus the only way to increase the amount of visible dust is
to assume that the dust is “harder”, i.e., has a larger Q?
D
.
The above reasoning also means that the Q?
D
of interme-
diate, centimeter- to kilometer-sized bodies should be unim-
portant for the long-term evolution of discs. This is readily
confirmed by our simulations. To see this, it is sufficient
to compare the cyan curve in Fig. 4 to the other curves.
The cyan curve employed an alternative critical fragmenta-
tion energy model to describe the destruction of pebble-pile,
“macrogranular”planetesimals, while the others used a stan-
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Figure 9. Size distributions of solids in the M1 + M2 = 100M⊕
and M1/M2 = 1/20 model with a standard Q∗D prescription in two
cases: the reference one with α = 1.6 (red) and the one assuming
α = 1.7 instead (black). Lines from thin dotted to thick solid show
the distributions at 0Myr, 100Myr, and 1Gyr.
dard prescription. Remember that the alternative model pre-
dicts much weaker planetesimals with radii between the peb-
ble size and the sizes where the strength starts to be domi-
nated by gravity, but does not change much the strength of
both the dust and large planetesimals. A comparison shows
that all these simulations predict a comparable amount of
dust after 100Myr of evolution. Note that this is only true
after the disc has evolved long enough for the big bodies in
the gravity regime to get involved in the cascade (which is
certainly the case after 100Myr). As discussed above, early
on the debris discs composed of pebble piles are brighter
than the discs of “monolithic” planetesimals.
5.5 A steeper size distribution of large
planetesimals?
The planetesimal formation models derive the slope α = 1.6
with some uncertainty. We checked whether a somewhat
steeper slope of the population 2, namely α = 1.7, would
change the amount of visible dust markedly. This turned
out not to be the case (Fig. 9). After 100Myr of collisional
evolution, the cross section – and emission flux – of the dust
increases by less than a factor of two. At 1Gyr, it is even
smaller.
5.6 Non-collisional dust production?
In principle, one can question a standard view that visible
dust in Kuiper-belt analogs is produced solely via collisions.
As an example, Jacobson et al. (2014) argue that for main-
belt asteroids smaller than a few kilometers in size, YORP-
induced rotational disruption significantly contributes to the
erosion even exceeding the effects of collisional fragmenta-
tion. Several erosion-like mechanisms may also enhance dust
production. We know that planetesimals in debris discs con-
tain ices. For instance, the presence of ∼ 10% of CO ice
has been deduced from CO gas detections (e.g., Kral et al.
MNRAS 000, 1–13 (2017)
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2017). The sublimation temperature of the most volatile ices
such as CO, CH4, and N2 are lower than ∼ 45K (Dodson-
Robinson et al. 2009), allowing them to sublimate at Kuiper-
belt distances from the primary stars. Another possibility
would be photodesorption of ices, which should be most ef-
ficient around A-type stars considered here (e.g., Grigorieva
et al. 2007). Such mechanisms of ice erosion might cause a
direct, non-collisional release of dust particles from an icy-
rocky matrix at the surfaces of planetesimals in a“cometary”
way.
6 CONCLUSIONS
Our key results are as follows:
(i) The long-term evolution of debris discs is largely de-
termined by the collisional strength of solids at both ends of
the size distribution, i.e., large planetesimals in the gravity
regime and dust. However, this is different at early stages of
debris disc evolution, when the system is younger than the
collisional lifetime of planetesimals kept together by gravity.
The temporal evolution of debris discs at younger ages is
sensitive to the assumed fragmentation laws of intermediate-
sized planetesimals, and thus to their internal structure.
Discs of “monolithic” planetesimals and those of “pebble
piles” exhibit different evolutionary curves. This shows a
principal possibility to constrain structure and porosity of
planetesimals from the observations of young debris discs.
However, it is not easy, since the dust fluxes also depend
on other parameters such as the birth size distribution of
planetesimals, see conclusions (ii) and (iii) below.
(ii) Assuming “monolithic” planetesimals, as implied by
the standard planetesimal formation scenario, we are able
to reproduce the observed debris disc brightness evolution.
The requirement is that planetesimal belts left after the time
of the gas dispersal must include a substantial population of
sub-kilometer-sized planetesimals. For example, a popula-
tion of objects with sizes from about 1 meter to about 1
kilometer and a Dohnanyi-like slope α ≈ 1.8...1.9 would suf-
fice. This population is expected in the standard planetes-
imal formation scenario as well, since the growth of larger
bodies in a protoplanetary disc in that scenario proceeds
concurrently with fragmentation at smaller sizes that estab-
lishes such a slope by the time of gas dispersal.
(iii) For planetesimals with a pebble-pile structure, as ex-
pected in the particle concentration models, this additional
population of small planetesimals may not be required —
and is not predicted. Taking the initial size distribution with
a slope α ≈ 1.6 between a few kilometers and a few hundred
kilometers and assuming planetesimals to be pebble piles, as
suggested by these models, we are also able to roughly re-
produce the average luminosities of debris discs at all ages.
(iv) While our modelling shows that the observed bright-
ness evolution of debris discs is compatible with both mono-
lithic and pebble-pile planetesimals, there is a possibility to
discriminate between the two cases for the Solar System.
Both the relative paucity of sub-km-sized small bodies and
close-up studies of comet 67/P with Rosetta mission seem to
favour the fragile, pebble-pile composition of planetesimals
in our own debris disc, supporting the “particle concentra-
tion” scenario of their formation.
(v) Explaining debris discs in the samples with a bright-
ness above the average uncovers a “disc mass problem.” For
such discs to be reproduced by collisional simulations, the
total disc mass located within a 10AU ring should be on
the order of ∼ 1000M⊕. This is more than the total mass of
solids available in the protoplanetary progenitors of debris
discs, which should not exceed a few 100s M⊕. The problem
appears for all initial size spectra of planetesimals and their
collisional strengths that we invoked in this study.
(vi) We consider several possibilities, one or more of
which may help to resolve the disc mass problem. Some sys-
tems may have experienced recent major break-up of big
planetesimals. In some other systems, the collisional cas-
cade may not have ignited immediately after the gas dis-
persal (“delayed stirring”). In still other systems, ages are
quite uncertain; younger ages would imply less total mass.
It is also possible that sublimation or photodesorption of
ices enhances purely collisional dust production from par-
ent planetesimals by releasing dust from their surfaces; this
would reduce the total mass needed to sustain the observed
amount of dust as well.
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